We show that the recombination kinetics of two-dimensional electrons with acceptor bound holes is a sensitive probe of the local spatial structure of the electronic system. Using the time resolved magnetoluminescence, we extract the regime of the electron Wigner solid and establish its local configuration consistent with the triangular lattice model. Up to the melting point, the amplitude of the thermal vibrations of the electron crystal is derived from the temperature dependence of the recombination kinetics.
We show that the recombination kinetics of two-dimensional electrons with acceptor bound holes is a sensitive probe of the local spatial structure of the electronic system. Using the time resolved magnetoluminescence, we extract the regime of the electron Wigner solid and establish its local configuration consistent with the triangular lattice model. Up to the melting point, the amplitude of the thermal vibrations of the electron crystal is derived from the temperature dependence of the recombination kinetics. The ground state of the two-dimensional (2D) electron system in the ultraquantum limit is formed by the interplay between electron-electron interaction and disorder.
In a magnetic field both of them result in a frozen insulating state of the electronic system with difFerent internal structures. In ideally pure systems, the formation of the Wigner solid state is expected [1] , whereas the disorder hinders crystallization and gives rise to a state with no well-defined (even local) order. In high quality semiconductor structures, the importance of interaction has been indicated experimentally by the observation of the series of incompressible fractional states [2] which is terminated in high magnetic fields by an insulating phase, as it was observed in different experiments [3 -9] .
Several manifestations of the magnetically frozen state competing with the incompressible fractional liquid were also observed in magnetoluminescence experiments in which the recombination process involves the 2D electron and an acceptor bound photoexcited hole hA [8] . It was established that the entrance of the electron system into the insulating phase is accompanied by the appearance of an additional luminescence line [8] and a drastic reduction of the integral intensity [8, 10] . The phase diagram built up from these optical studies [10] is similar to those obtained by other methods [3 -5,7,9] . The threshold increase of the additional line intensity due to the electric field depinning of the frozen phase [8] indicates that this line is related to the recombination of localized electrons. In these experiments, the hole h~is strongly localized (within the acceptor-related Bohr radius), and its recombination eKciency is determined by the overlap of its wave function with that of a 2D electron: if electrons are localized and their states (in 2D plane) are squeezed inside the magnetic length, AH, this overlap diminishes for most of the holes and tends to zero under an increase of the magnetic field. This means that a quantity, such as the hole recombination rate, potentially possesses information about the short-range configuration of electrons in the magnetically frozen state [11] .
The goal of the present work is to test the local spa- Before analyzing this slow recombination tail in detail, we discuss first the correspondence between the internal structure of the localized state and the observed magnetoluminescence kinetics. Since the density of holes in our system is several orders of magnitude less than the 2D electron density, the time dependence of the radiation process is governed by a single-hole recombination rate r i which has the form [11] r i = osp(rc). In the latter expression, the value &re includes all the magnetic field independent parameters, such as the optical transition strength in GaAs and the electron-hole overlap in the z direction. Below it will be referred to as a phenomenological constant. On the other hand, the electron-hole overlap in the plane is controlled by the value p(rc) = (0~@1(rc)g(ro)~0) of the ground state 2D electron density matrix [14] related to the planar coordinate ro of a hole position, which provides us with the relation between the hole recombination rate and the local internal structure of the electron system.
Since at v = 1 the electron ground state possesses a homogeneous density p(r) = n, [15] (1) (with b~0 at v -+ 0 and 6 =-0 in a crystal) seems to be a universal feature of the bound hole recombination in the electron system localized at high magnetic fields [11] , independently of the details of its specific internal structure.
The result of Eq. (1) suggests an appropriate representation of the measured recombination kinetics in terms of a new dynamical variable: the instant value of the effective recombination time r,g(t) which is determined as r g = -I(t)/I(t) = -[din I(t)/dt] . In coordinates r p vs t, the kinetics described by a single exponent and by a power law will be represented by constant and linear dependences, respectively. For the power law decay in Eq.
(1), r,ir(t) = t/(1+t)), which agrees with what is found in the experimental time dependence of I(t). In Fig. 2(a) the data from Fig. 1 The latter regime is quite pronounced both in the most disordered (b) and in the purest (c) samples we studied, though the number of recombination events which form the long-delay tail are different at high magnetic Gelds. In our experiments, we found that in spite of extremely (2) lattices.
slow recombination at high fields, the total luminescence intensity integrated over time and energy is insensitive to the magnetic field. This means that the electron-hole recombination has 100% radiative efficiency, and thus, the integral intensity of the slow recombination tail which refiects the portion of localized electrons Si" in the 2D system can be measured in absolute units. In the lowmobility sample, S~"continuously grows starting from v = 1 and tends to 100% as v~0 [see inset to Fig.   2(a) ]. In high-mobility structures, the portion of localized electrons is much less, but abruptly increases at a critical filling factor v, . This jump can be assigned to the phase transition of electrons from a liquid into the frozen state which is absent in the dirty sample. The phase diagram which can be reconstructed from the jump position is similar to previous accurate determinations [3 -5,7 -10] , and the following analysis is supposed to identify the structure of this frozen phase.
At the critical v, a pronounced part (about 50%) of intensity is redistributed from the fast recombination channel to the slow recombination tail and this redistributed intensity shows a different behavior as compared to the long tail observed in the disordered sample tion function P(r) which is dominantly affected by correlations in the local configuration of the closest frozen electrons. That is, in systems where the eKect of disorder is stronger than that of the Coulomb interaction, the long tail in P(r) spreads to lengths longer than I, and, although the effective recombination time~, g deviates from the linear intermediate regime, it does not saturate at any fixed value. On the contrary, the ordering of electrons into the Wigner lattice obviously demands the existence of a terminating point r in the distribution function P(r), as shown in the inset to Fig. 2(b) .
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This point corresponds to the distance from the lattice sites to the center of the unit cell, and has its minimal value (for a fixed density n, ) for the triangular lattice, r~= ( the values observed in transport [3 -5] as well as in the luminescence measurements [9, 10] ).
The existence of the plateau in~, g has to be interpreted as the multiple repetition of a specific configuration of closest electrons. This configuration can be identified from the value of the normalized saturation time, r /T ff(t~0) = e"~" 0 = e~1 . The structure factor p = urn, r~w hich enters into the exponent of this equation fits only to the triangular lattice for our results [see inset to Fig. 2(c) (Fig. 3) . The temperature effect can be calculated [11] for holes placed in the center of a unit cell by renormalizing the density matrix value p(r~) at this point.
In the harmonic approximation, p(r~) is proportional to 
where p = mn, r~i s determined by the unit cell structure (p~= 2z/3~3 and p&& --z'/2 ). Therefore, the amplitude of lattice vibrations is a measurable quantity in our experiment and can be compared with its theoretically predicted values [19] for the triangular lattice [20] , em, (u )T = (1.6T/e y n, ) ln(L/AT), where y is the dielectric constant of the medium. The shorter length under the logarithm, Az, is the thermal magnetophonon wavelength, T 0.3u(e y n, )(1/AT n, )~. 
